ABSTRACT Hydro-pneumatic suspension systems have been widely used in many fields for their variable stiffness characteristics that effectively improve the comfort and operation stability of a vehicle. However, due to poor environmental conditions, hydro-pneumatic suspension is frequently subjected to the influence of transient impact and environmental temperature changes, which results in sealing failure and gas leakage problems and reduces the reliability of the system. In this paper, a method combining parametric modeling and probability analysis is adopted to establish the reliability model of a hydro-pneumatic suspension system considering the influence of temperature variations. First, the working principle and failure mode of the hydro-pneumatic suspension system are analyzed, and then the reliability of the hydro-pneumatic suspension system is defined. On this basis, for the key failure modes of the hydro-pneumatic suspension system, a reliability model based on the allowable height and a reliability model based on the allowable stiffness are established. The system reliability model of the hydro-pneumatic suspension system is obtained synthetically. Finally, the single-chamber hydro-pneumatic suspension system is selected as the experimental object. Comparative tests of different design parameters of the hydro-pneumatic suspension system under temperature effect are conducted. The accuracy is verified for the failure mode analysis and reliability model of the hydro-pneumatic suspension system. INDEX TERMS Hydro-pneumatic suspension system, reliability modeling, probability analysis.
I. INTRODUCTION
Hydro-pneumatic suspension is a new type of suspension, and the core part is the oil spring. The oil spring has the advantages of superior nonlinear elasticity and excellent vibration damping performance that integrates the elastic and damping elements, and the cylinder provides the guidance function [1] - [3] . Gas absorbs excessive force while the fluid in the hydraulics directly transfers the force. The suspension system usually features both self-leveling and driver-variable ride height, to provide extra clearance on rough terrains [4] . Because of the significant nonlinear and incremental stiffness characteristics, the hydro-pneumatic suspension system can improve the riding comfort and control stability both on and off road. Therefore, it is widely used in the civil, military and engineering fields.
However, because of severe environmental and road conditions, a vehicle running on all types of road conditions is often affected by transient impacts and environmental temperature changes. Consequently, system failures and reliability problems such as piston seal failures and gas leaks occur frequently. The oil spring will absorb a large amount of heat produced by the random excitation from the ground, which will increase the temperature of the cylinder and make the inert gas molecules move violently in the closed air chamber. The macroscopic performance is the rapid expansion of the gas volume, which will have a great impact on the vehicle attitude and even cause vehicular breakdown if the structure parameters are not properly matched in the design process. Moreover, the temperature of the cylinder will also have a greater influence on the seals and pistons.
Once the temperature exceeds the limitation, oil and gas leakage will occur [5] . Therefore, research on the influence of temperature changes on the reliability of hydro-pneumatic suspension systems is of great significance for practical engineering applications.
To solve these problems and establish an effective model of a hydro-pneumatic suspension system, many scholars have extensively investigated the structural performance and system modeling of the system [6] , [7] . Bauer [8] comprehensively summarized the mathematical modeling and performance analysis of a hydro-pneumatic suspension system and reported the relationship between the stiffness characteristics of the system and the total volume of the gas storage chamber. Cho et al. [9] presented a method to improve the performance of a hydro-pneumatic suspension system by adjusting the damping orifice and damping valve plate. Westhuizen and Els [10] adopted the wavelet method to analyze the high-frequency characteristics of the output force for a hydro-pneumatic suspension system. Cao et al. [11] systematically explored the properties of three different pitchinterconnected hydro-pneumatic suspensions and derived the vertical and pitch mode properties of these suspensions. Zhang et al. [12] proposed the damping non-coincidence problem in a multi-interconnected hydro-pneumatic suspension system and studied the impacts of adjusting system parameters on this problem.
In view of the modeling analysis of the hydro-pneumatic suspension system, the existing research mainly adopted the parametric modeling method to linearize the nonlinear model or utilized computer simulation analyses [12] - [15] . Surace et al. [16] summarized the merits and drawbacks of parametric modeling and non-parametric modeling for a single-air-chamber hydro-pneumatic suspension and discussed the applicable range of this model. Lee [17] used the fluid mechanics method to build the parametric model of a single-air-chamber hydro-pneumatic suspension system and obtained the influence of temperature. Sang et al. [18] utilized two different theories, nonlinear vibration theory and fractional calculus theory, to analyze the characteristics of a dual-chamber in hydro-pneumatic suspension. Mauricio and Pablo [19] developed a mathematical model of the hydro-pneumatic spring stiffness behavior for agricultural trailers, as well as a methodology to define the suspension parameters. Jadhav et al. [20] performed a finite element analysis for hydro-pneumatic suspension system to verify the stress level developed in the system under various loads and established the reliability of the system using a stress-strength model based on the normal distribution. Seo et al. [21] established a mathematical model based on the gas energy equation in a closed container to analyze the characteristics of the gas chamber in hydro-pneumatic suspension systems considering the influence of temperature variation on spring characteristics. Konieczny [22] researched the changeable static pressure of a car with a hydro-pneumatic suspension system and built a comprehensive model of the hydropneumatic suspension system using the static load of this vehicle and considering the three-dimensional damping characteristics. In conclusion, these studies have established the corresponding mechanical and mathematical models of hydro-pneumatic suspension systems by adopting different analytical approaches. However, these investigations do not fully consider the influence of temperature dispersion and design parameter variation on the performance of a hydro-pneumatic suspension system. That is, the impact of the uncertainty problem on the system reliability is not addressed.
In this paper, a method combining parametric modeling and probability analysis is adopted to establish a reliability model of a hydro-pneumatic suspension system considering the influence of temperature variations. Combining the operational principle and failure analysis, the main variables affecting the system reliability are determined by analyzing the main failure modes of the system, and the reliability definition of the system is given in section 2. In section 3 the relationship between the temperature and the variables affecting the reliability is established, and the reliability model of the hydro-pneumatic suspension system is developed. Finally, the reliability of the system is obtained by submitting the temperature data into the reliability model. In addition, a comparative test is designed to analyze the sensitivity of the system reliability to temperature variation within different design parameters in section 4.
II. FAILURE MODE ANALYSIS AND RELIABILITY DEFINITION A. OPERATIONAL PRINCIPLE OF HYDRO-PNEUMATIC SUSPENSION
The hydro-pneumatic suspension system is composed of a hydro-pneumatic spring, a damping valve and a cylinder. As shown in Figure. 1, this is a single chamber hydropneumatic suspension system. The upper cylinder E and the lower combined piston are fixed on the frame and wheel, respectively. The piston rod cavity is separated by the floating piston D. According to the vehicle weight, the air chamber A is filled with a certain amount of inert gas to constitute the gas spring. The main oil chamber B and the ring oil chamber C, which is filled with the working medium of shock oil, correspond to the hydraulic damper. The role of the floating piston D is to separate the high pressure inert gas and shock oil to avoid emulsion of the shock oil but is also easy to inflate and maintain. The air chamber A is equipped with an inflation valve to ensure that the gas spring is inflated in time.
The basic working principle of the hydro-pneumatic suspension system is as follows: When the external load increases, the distance between the frame and the axle is shortened. Then, the combined piston F is moved to reduce the volume of the main oil chamber B filled with oil. The oil will push the floating piston to move to the air chamber A, which reduces the air chamber volume, increases the gas pressure and spring stiffness and moves the frame slowly downward. When the external load is equal to the gas pressure, the combined piston will stop moving. Then, the relative position of the frame and the axle no longer changes, and the vehicle height is no longer reduced When the external load decreases, the floating piston moves to main oil chamber B under the high gas pressure and pushes the combined piston F down. Then, the gas pressure and spring stiffness are reduced, and the frame slowly rises. When the external load is equal to the gas pressure, the combined piston will stop moving, and the vehicle height is no longer increased. As the inert gas is stored in a closed air chamber, the pressure will vary with the external load and temperature changes. Hence, the hydro-pneumatic suspension system has variable stiffness characteristics and plays the role of a hydraulic shock absorber.
B. FAILURE MODE ANALYSIS
Combined with the working principle of a hydropneumatic suspension system, the main failure modes of the hydro-pneumatic suspension system are shown in Table 1. 1. Gas leakage caused by a chamber height beyond its limited value. During the driving process, the hydro-pneumatic suspension system converts the mechanical energy of the ground impact into heat energy, which causes a rise of the chamber cylinder temperature and makes the chamber volume increase. Hence, the air chamber height will increase. However, there is a limit to the change in chamber height.
When the chamber height exceeds the limited value, the balance between the oil chamber and the air chamber will be broken, resulting in gas leakage failure of the gas chamber.
2. Sealing failure caused by a chamber stiffness below its limited value. The stiffness of the hydro-pneumatic suspension system is determined by the stroke of the piston and the load on the system. The stiffness of the hydro-pneumatic suspension system directly determines the elastic connection of the system. When the chamber pressure changes, the system stiffness changes correspondingly and thus achieves vibration reduction. However, if the stiffness of the chamber is below its limited value, the floating piston will fail. The balance between the oil chamber and the air chamber is broken, which leads to system failure.
In summary, the height and stiffness of the air chamber must be kept within a certain range so that the hydropneumatic suspension system can work properly.
C. RELIABILITY DEFINITION
According to the above analysis, a chamber height beyond its limited value can cause gas leakage. Chamber stiffness below its limited value can result in sealing failure. These failures ultimately cause the hydro-pneumatic suspension system to fail to meet the specified functions. Therefore, in the reliability design process, it is necessary to optimize the chamber height and chamber stiffness. The reliability of the chamber height and the chamber stiffness must meet a certain reliability design restrictions:
1) The design height H of the chamber should not be greater than the allowable height H max , that is, H ≤ H max .
2) The design stiffness K of the chamber should be not less than the allowable stiffness K min , that is, K ≥ K min .
In the traditional product design, the design parameters are determined values. However, the air chamber height, air chamber stiffness and external load exhibit randomness and uncertainty. The air chamber height, air chamber stiffness and external load are both random variables with statistical characteristics. Therefore, this paper uses the generalized stress-intensity interference model to analyze the reliability of a hydro-pneumatic suspension system.
In the generalized stress-intensity interference model theory, product reliability is the probability that the strength is greater than the stress. Stress and intensity are subject to random distributions with the same dimension. Therefore, the allowable height and allowable stiffness of the air chamber are taken as generalized intensity. The external load is taken as generalized stress. Moreover, the above reliability design constraints are transformed into a corresponding failure criterion. A reliability model based on the allowable height and a reliability model based on the allowable stiffness are established.
III. GAMMA DISTRIBUTION MODEL-BASED RELIABILITY MODELING A. RELIABILITY MODEL BASED ON THE PERMISSIBLE HEIGHT
In the hydro-pneumatic suspension system, the height of the air chamber is kept constant when the gas chamber filled with a certain amount of insert inert gas (such as nitrogen) is in a static equilibrium position with the oil in the oil chamber. According to the analysis of the failure mode in section A of II, during the course of the vehicle, the hydropneumatic suspension system converts the ground impact capacity into heat energy, causing increases in the cylinder temperature, which increases the volume of the chamber. Furthermore, the inner diameter of the chamber is constant, and thus the increased chamber volume is reflected by the change in the chamber height.
However, the change in the chamber height is limited. When the chamber height exceeds the upper limit, the balance between the oil chamber and the air chamber will be broken, and the suspension will fail. The limit of the chamber height is defined as H max , the change of chamber height at work is h, and the variation in the air chamber temperature is a random variable defined as T . In addition, the change of h is accompanied by the change in the air chamber temperature T ; thus, h is also a random variable.
Assuming that the temperature of the hydro-pneumatic suspension system in the initial state is equal to the ambient air temperature, it is 293K. By monitoring the air temperature of the hydro-pneumatic suspension system in the vehicle, large numbers of monitoring data are obtained. The data show that when the vehicle is running, the air flow through the hydro-pneumatic suspension system will take away part of the heat generated by vibration. Consequently, the temperature of the hydro-pneumatic suspension system will eventually reach a constant value.
In addition, according to the statistics of the air temperature of the hydro-pneumatic suspension system, it can be concluded that the change of T obeys the Gamma distribution of the shape parameter α and the scale parameter β. The probability density function of T is f ( T ). The α and β of the random variable are obtained according to (1) and (2) by using the monitored air chamber temperature data and the moment estimation of the Gamma distribution.
For h, the volume of the gas chamber is proportional to the temperature of V αT , which is according to the Idea-Gas Equation of state shown in (3). The chamber is a regular cylinder, and thus the volume of the chamber is proportional to the chamber height. Therefore, the change in the chamber height is proportional to the change in temperature. As shown in (4), the distribution of the change in the chamber height can be obtained according to the change of temperature (the constant k is the coefficient which depends on the pressure of oil is exerting on the piston due to temperature change):
The probability density function of the change in the chamber height is f ( h). The reliability model of the hydropneumatic suspension system based on the permissible height can be obtained by the upper limit H max and is shown in (5) . R h is the reliability based on the permissible height of the hydro-pneumatic suspension system and can be obtained by integrating
B. RELIABILITY MODEL BASED ON THE PERMISSIBLE STIFFNESS
The stiffness of the hydro-pneumatic suspension system is calculated according to the stroke and load of the piston of the hydro-pneumatic suspension system, that is, the stiffness K is the relationship of (6), where x is the stroke of the piston and P is the load.
On the basis of the relationship between load and air pressure (as in (7)) and the relationship between pressure and volume changes (as in (8)), the result shown in (9) can be obtained. Then, the derivative of x is derived, and the result is shown in (10) .
where P is the oil pressure, P a is the standard atmospheric pressure, A is the piston area, V 0 is the volume of the chamber VOLUME 5, 2017 in the equilibrium position, V is the volume of the chamber at any moment, and m is the variable index (for nitrogen, generally take m = 1.25). When the piston moves up and down, the piston pressure area is unchanged, as shown in (11) . When the piston is in the equilibrium position, as shown in (12), finally, (11) and (12) are brought into (10) . The result is shown in (13) :
where H is the chamber height, so that the stiffness of the hydro-pneumatic suspension system is inversely proportional to the height but the height is connected with the h in section A of III and shown in (14) , where H 0 is the initial height of the chamber.
In summary, the stiffness of the hydro-pneumatic suspension system is indirectly related to the temperature, that is, the probability density function of the stiffness can be obtained as f (K ), according to the probability density function of the h obtained from the Gamma distribution temperature change in section A of III For the stiffness of the hydro-pneumatic suspension system, combined with the analysis of the failure mode in section B of II, failure occurs when the stiffness is less than the lower limit K min . Thus, the reliability model based on the permissible stiffness is shown in (15) , and R k , the reliability based on the permissible stiffness, can be obtained by integrating
C. RELIABILITY MODEL OF THE HYDRO-PNEUMATIC SUSPENSION SYSTEM
Because height and stiffness are directly or indirectly affected by the temperature, the reliability analysis of the hydropneumatic suspension system only has to consider the impact of temperature on the height and stiffness and perform a further analysis.
According to the reliability model based on the permissible height, it is possible to obtain the upper limit of the height change, that is, h ∈ [0, H max ], which satisfies the permissible height, then T h ∈ [0, T max1 ]. Similarly, the stiffness change, K ∈ [K min , +∞] can be obtained in the reliability mode based on the permissible stiffness; then, T K ∈ [0, T max2 ], too.
Two temperature changes in the interval are combined as shown in (16) . Finally, the reliability model of the hydro-pneumatic suspension system is obtained according to the probability density function of T , as shown in:
IV. CASE ANALYSIS AND TEST DESIGN A. CASE ANALYSIS
According to the hydro-pneumatic suspension system studied in this paper which was used in four rounds of light offroad vehicles, the upper limit of the change in chamber height is H max = 40 mm, and the lower limit of stiffness K min = 8.7 MPa. The statistical histogram of the monitoring data of the air chamber temperature of the hydro-pneumatic suspension system in the vehicle work is shown in Figure. 2. According to (1) and (2), the Gamma distribution moments of the air chamber temperature can be obtained, that is, T ∼ (607, 0.57). For the reliability model based on the permissible height, the relationship between the change in the chamber height and the temperature is calculated according to (4) . Due to the inconvenience of measuring the chamber height, there are few data in this area; only three samples are shown in Table 2 . The change in the chamber height has been determined to be proportional to the change in the temperature in (4) . The three samples of Table 2 are estimated to obtain the air chamber height and temperature change as shown in (18), and h also follows the Gamma distribution:
The parameters of h are estimated again using (1) and (2). It is possible to obtain a change in chamber height h as a probability density function, as shown in (19) , where α = 13.40, β = 1.99, and (α) as shown in (20) . For the upper limit of the change in chamber height, H max = 42mm, the reliability based on permissible height is shown in (21):
The integral calculation of (21) is complex. In this paper, the Monte Carlo method is chosen to solve this equation. First, for the integrand in (21) , the data of the probability density function of n = 10000 is given to (19) , as shown in (22) . Then, the data that obey [ h] i ≤ H max = 42mm, are filtered, for a total k = 9862. Therefore, the reliability of the hydro-pneumatic suspension system based on the permissible height is shown in (23):
The reliability model based on the permissible stiffness is according to the change of h in (19) . Then, combining (13) and (14) , the probability density function of the stiffness can be obtained, as shown in (24), where α = 285.369, β = 0.0176 and (α), as shown in (25):
According to (15) , the reliability based on the permissible stiffness is shown in (26); similar to (22) and (23), (26) is solved by the Monte Carlo method. The results show that the reliability based on the permissible stiffness is called R K in (26).
Finally, the reliability of the hydro-pneumatic suspension system is calculated. Equations (16) and (17) can be transformed into the mathematical models shown in (27) and (28). Then, the data can be taken, and the reliability of the hydropneumatic suspension system can be obtained in (27):
Combined with the previous reliability analysis of the hydropneumatic suspension system, the main factors that directly affect reliability are height and stiffness. However, the design parameters, such as the initial chamber height, air chamber diameter, sprung mass, and pre-charge pressure on the hydro-pneumatic suspension system have not been analyzed. Therefore, in this section, the influence of the three design parameters under temperature is analyzed by setting the comparative test. In the analysis of the hydro-pneumatic suspension system in section III, the initial design parameters (such as the initial chamber height) are selected, as shown in Table 3 .
Considering the price factors of the hydro-pneumatic suspension system, it is impossible to perform a large sample test. Therefore, this paper completes the comparative test through a large range of small sample tests. Among them, a small sample refers to the small number of hydro-pneumatic suspension systems, and a large range refers to the temperature range of a large adjustment to the test. This reduces the error due to the small number of samples to a certain extent.
The purpose of the test is to determine the influence of different design parameters of the hydro-pneumatic suspension system under the action of temperature. For the design parameters listed in Table 3 , the distribution of the control samples is shown in Table 4 ; samples 1, 2, and 3 are used for the initial chamber height of the comparative test, samples 4, 5, and 6 are used for the air chamber diameter of the comparative test, samples 7, 8, and 9 are used for the sprung mass of the comparison test, and samples 10, 11, and 12 are used for the pre-charge pressure of the comparison test. After the completion of the comparative test, the effects of these parameters are analyzed.
C. RESULTS AND DISCUSSION

1) INFLUENCE ANALYSIS OF THE HEIGHT
After comparing the tests, Figure. 3, Figure. 4 and Figure. 5, respectively, are the initial chamber height, air chamber diameter and sprung mass of the comparative analyses. Figure. 3(a) shows that, when the other design parameters are unchanged in the hydro-pneumatic suspension system, VOLUME 5, 2017 for samples with a larger initial chamber height, the air chamber height changes are greater when the temperature ranges from 293K to 370K. At the same time, when the temperature is maintained at 370K, as shown in Figure. 3(b) , the initial chamber height is inserted into the reliability model in section 3 to calculate the effectiveness between the initial chamber height and reliability. It is evident that, when the initial chamber height decreases from 318 mm to 338 mm in the process, the reliability of the hydro-pneumatic suspension system decreases from 0.9901 to 0.9839. Figure. 4(a) shows that, when the other design parameters of the hydro-pneumatic suspension system are unchanged, the change of the chamber height is larger when the temperature increases from 293 K to 370 K. Similar to the initial chamber height, the air chamber diameter is brought into the reliability model in section 3. As shown in Figure. 4(b) , when the air chamber diameter increases from 75 mm to 85 mm, the reliability of the hydro-pneumatic suspension system is reduced from 0.9987 to 0.9710. Figure. 5(a) illustrates the other design parameters on the same premise; the sprung mass of the hydro-pneumatic suspension system in the temperature from 293 K to 370 K of a degree to height. The figure shows that the sprung mass change due to the impact of height variation is low. Then, placing the sprung mass into the reliability in section 3, Figure. 5(b) shows that, when the sprung mass increases from 1250 kg to 1750 kg, the reliability of the hydro-pneumatic suspension system decreases only from 0.9881 to 0.9845. Figure. 6 is the elastic curve of the hydro-pneumatic suspension system under different pre-charge pressures. According to the elastic curves at different temperatures, it can be seen that, with the increase in the piston stroke, the stiffness increases. However, when the piston stroke is the same, the temperature is higher, and the stiffness is lower, a piston stroke increase causes the impact of temperature on the stiffness to also grow. By contrast, because the degree of redundancy of the suspension system is high, when the pre-charge pressure is 3.5 MPa and 4 MPa, the piston stroke exceeds 10 mm, and when the pre-charge pressure is 5 MPa, the piston stroke exceeds 2 mm. The reliability based on permissible stiffness is a constant 1. VOLUME 5, 2017
2) INFLUENCE ANALYSIS OF STIFFNESS
V. CONCLUSION
In this paper, the influence of temperature on the parameters is analyzed based on the reliability analysis method of the hydro-pneumatic suspension system with height and stiffness. Temperature monitoring can reveal that the temperature will eventually be kept constant, and the temperature is subject to the Gamma distribution. Using the relationship of height or stiffness and temperature, the temperature random variable subject to the Gamma distribution is brought into the relationship between height or stiffness and temperature. Then, mathematical transformation yields the height or stiffness of the random variable. Next, based on the large amount of data to be verified, the height and stiffness are also subject to the Gamma distribution. Finally, the reliability of the hydro-pneumatic suspension system based on height and stiffness is 0.9862 and 1, respectively, using the Monte Carlo method combined with the upper and lower points of the height and stiffness. After the actual use of the verification, the reliability of the method used in this paper and the actual situation is more consistent.
In view of the influence of temperature on the design parameters of the hydro-pneumatic suspension system and considering the economy and credibility, the samples of the comparative test were set. The results showed that the influence of temperature on sprung mass is low but has a great influence on the initial chamber height, air chamber diameter and pre-charge pressure. However, regarding the degree of influence of these design parameters on reliability, only the initial chamber height and the air chamber diameter have a certain effect on the reliability, and the other design parameters have little effect on the reliability. Therefore, in the actual design process, a better balance of the relationship between economy and reliability can be achieved mainly by changing the initial chamber height and air chamber diameter to optimize the design of the hydro-pneumatic suspension system. 
